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Exploding Stars!

Stars explode once every second 1n the
Universe, often becoming brighter than their
home galaxies. Enhanced capabilities to scan
the skies now detect about 20 per day, revealing
some remarkable new phenomena!

Dan Kasen (UCB), Kevin Moore (UCSB), Gijs
Nelemans (U. Niyjmegen), Bill Paxton (KITP), Evan
Scannapieco (ASU), Ken Shen (UCSB=>UCB),
Justin Steinfadt (UCSB) and Nevin Weinberg (UCB)



It’s all about Energy!

* Gravity ... The release of energy as the star
contracts onto itself

* Nuclear . .. The release of energy from
fusing the Hydrogen and Helium made in
the big bang to heavier elements like
Carbon, Oxygen, . . Iron. .

Stars tap into both of these energy sources, but only at the
rate needed to match that lost from the surface.

Supernovae do the opposite. They release the energy so
rapidly that the object explodes, completely disintegrating.



e The outer shells of
matter get ejected,
enriching the matter
between stars with
freshly made
Helium, Carbon,
Oxygen, Silicon. . .
and some Iron.

e The dense remnant
left from the
collapse i1s either a
Neutron Star or a
Black Hole.










Random Walks

e We call the distance
between scatters

A

 The average distance,
R, traveled after N
scatters 1S

R~ NY2)




Simple Lightcurves

e Consider an ejected mass M that 1s expanding at
v, so R=vt, and has opacity Kappa
N\ R?> kM

dift >~ — — ™~ Vv ™~ 5

C A\C Rc

e Radiation diffusion time 1s >R/v=age until a time

AN 172
tg & (L> ~ (10 — 20) days
Ve

e But before then the expansion 1s adiabatic and
since it is radiation-dominated=> R,

R



Luminosity Estimate

* The luminosity 1s
N R3 Erad
Kk dr taie

* During the adiabatic phase, T goes like 1/R, giving
RiacT?  EgcR,
kM kM

* An excellent estimate for the peak luminosity of
Type IIP SNe (~10° L) where R is comparable to
distance from Earth to Sun for red giants.
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Theorist Version!
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“ o #Acereting White Dwarfs




Type la Supernovae:

Thermonuclear!

 Runaway carbon fusion 1s triggered by new
material compressing and heating the core,
burning much of the material to *°Ni in ~10
seconds

e About 1 1n 500 white dwartfs eventually have
this fate.

e Over 2/3 of the Iron 1n your body was made
this way!






Thermonuclear Supernova Lightcurves

Since R is smaller than core collapse by 10° these would
be very faint events, however... the remnant is heated by
the radioactive decay: “°Ni (6.1 d) = >°Co (78 d) = °Fe
* The peak in the light-curve occurs when the radiation
diffusion time through the envelope equals the time since
explosion. . .

M 2
Tm = (,{700 ) ~ 20 days

e The luminosity after peak is set by the radioactive decay
heating rate = can measure the “°Ni mass via the peak
luminosity, yielding 0.10-1.3 Mg
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Palomar Transient Factory

e A 100 Mega-pixel CCD camera on the
48 inch Schmidt Telescope at Palomar
(near San Diego) that:
-- scans 10% of the sky every week
-- finds 100’s of transient per year
that are tracked by small telescopes

e | am most interested in rare explosions
revealed by intense monitoring:
- Bright events associated with the
birth of a highly magnetized neutron
star
- Faint events from incomplete
detonations of stars; fizzles.
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Martin Schwarzschild’s
“Structure and Evolution of the Stars”

It simple perfect laws uniquely rule the universe,
should not pure thought be capable of uncovering this
perfect set of laws without having to lean on the
crutches of tediously assembled observations?

True, the laws to be discovered may be perfect, but the
human brain 1s not. Left on its own, it 1s prone to stray,
as many past example sadly prove. In fact, we have
missed few chances to err until new data freshly
gleaned from nature set us right again for the next
steps. Thus pillars rather than crutches are the
observations on which we base our theories. . .
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SN 2005ap: A MOST BRILLIANT EXPLOSION
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ABSTRACT

We present unfiltered photometric observations with ROTSE-III and optical spectroscopic follow-up with HET
and the Keck telescope of the most luminous supernova yet identified, SN 2005ap. The spectra taken about
3 days before and 6 days after maximum light show narrow emission lines (likely originating in the dwarf host)
and absorption lines at a redshift of z = 0.2832, which puts the peak unfiltered magnitude at —22.7 + 0.1
absolute. Broad P Cygni features corresponding to He, C 111, N 111, and O 111 are further detected with a photospheric
velocity of ~20,000 km s™'. Unlike other highly luminous supernovae such as 2006gy and 2006tf that show
slow photometric evolution, the light curve of SN 2005ap indicates a 1-3 week rise to peak followed by a
relatively rapid decay. The spectra also lack the distinct emission peaks from moderately broadened (FWHM
~2000 km s~ ') Balmer lines seen in SN 2006gy and SN 2006tf. We briefly discuss the origin of the extraordinary
luminosity from a strong interaction as may be expected from a pair instability eruption or a GRB-like engine
encased in a H/He envelope.
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Supernovae Light Curves
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Who Ordered This???
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* Associated with
actively star forming
galaxies => massive
stars..

* 100 times brighter
than typical core
collapse supernovae

* Likely < 0.01% of
all core collapse
events
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About 10% of neutron stars are born

with B~10!* Gauss




Births of Magnetars!

e If magnetars are born spinning at P=2-20 ms, then
spin-down and deposition of the rotational energy
will occur in days-months-years

e To substantially impact the lightcurve, want this to
occur before diffusion occurs, requiring a
magnetic field >10'* Gauss (Kasen & L.B. ‘10;
Woosley "10)



Resetting the Internal Energy

* The deposition of the NSs rotational energy resets
the internal energy of the expanding envelope

EsncR,  Epc(vty)
kM kM

* Aslongas E >E (R /vt), the energy is reset, so
can brighten the supernovae even when E <E

L ~

e Can naturally reach the high observed luminosities
of a few 1019 L



Hot Bubble Formation at One Month

Magnetar SplIl down tlme =1 day
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It Really Works!
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Radiation Hydrodynamics Examples

e SN 2008
 Kasen &L.B. ‘10 = SN 2007&S
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- ‘Doible White Dwarts -




Sample Helium Detonation
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Shen et al ‘10

Shock (blue arrow) goes into the underlying C/O white dwarf and a He
detonation (red arrow) moves outward.



Ja Supernovae

L. B., Shen, Weinberg & Nelemans "07
Shen et al ‘10
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* The He shell leaves the
the WD at 10,000 km/

sec, leading to brief
events

1/2
T = (“Me) ~3-5d

Tcv

e The radioactive decays
of the freshly synthesized
“8Cr (21 hr), °?Fe (8.3 hr)
and “°Ni (6.1 d) will
provide power on this
short timescale!!

e In 2007, no observed
events looked like this!



2002bj: Poznanski et al. ‘09
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Normalized Magnitude
nNO

PTF 10bhp=2010X

o

N

Kasliwal et al. ‘10

l 1 1

1 |

0 20
Days since Peak

.. 20'10)'(-g
® 2010X-T-
2010X-1
L2002 Peaks at 2x108 Lo
- | ¢ Decays in 5 days
T~ e Velocities of
R 10,000 km/second
. 7] e Spectra shows Ca,
1 C,Ti, Fe
}
40



Luminosity (L)

Comparisons to Predictions
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Comparison to .Ia models
from Shen et al. (2010) imply
an ejected mass of
~0.05-0.1M with roughly
1/2 being >°Ni, and the rest

mostly Helium. . .
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Modules for Experiments in Stellar Astrophysics (MESA)

Bill Paxton and Lars Bildsten

Kavli Institute for Theoretical Physics and Department of Physics, Kohn Hall, University
of California, Santa Barbara, CA 93106 USA
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Victoria, BC, VW 3P6 Canada

Pierre Lesaffre
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Rue Lhomond, 75231 Paris cedex 05, France

Frank Timmes
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Questions?



